Introduction
Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegenerative disorder characterized by the loss of motor neurons in the spinal cord and cortex, resulting in progressive paralysis and death on average 2-3 years after symptom onset (1) . With an incidence of 1.5 to 2.7 cases per 100,000 in North America and Western Europe, ALS is the third most common neurodegenerative disorder after Alzheimer's and Parkinson's diseases and the most common motor neuron disease (2) . Almost universally fatal, the only FDA-approved drug for ALS is riluzole, a nonspecific NMDA receptor antagonist that prolongs survival by 2 to 4 months (3). Moving forward, therapies that specifically target the proteins responsible for familial forms of ALS are being developed. For these and other targeted therapies in neurodegenerative disease, quantification of protein kinetics (half-life, production, and clearance) is a key factor in optimizing the frequency of delivery and determining the optimal time to assess for a biological response.
Measurement of protein turnover has been routinely conducted in cell culture with radioisotopes that have provided important information regarding how protein characteristics (mutations, conformations, and posttranslational modifications among others) affect protein turnover. However, measuring turnover rates of proteins in an immortalized, rapidly dividing cell culture model has limitations and shows discrepancies when turnover rates of identical proteins are compared between tissues and cell culture models (4) . The development of stable isotope-labeling kinetics (SILK) has enabled the study of protein turnover rates in vivo using a safe, stable isotope amino acid tracer that is incorporated into newly synthesized proteins and can be quantitatively measured by mass spectrometry -a technique that has been highly successful in studies of amyloid-β in human cerebral spinal fluid (CSF) and in brains from animal models (5) (6) (7) (8) (9) (10) (11) (12) . In these studies, a relatively short (9-hour) intravenous infusion of the stable isotope 13 C 6 -leucine resulted in adequate labeling of the rapidly turned over amyloid-β (half-life of 8 hours). However, the measurement of the turnover of long-lived proteins is challenging, especially in humans. The labeling time needed becomes too long for an intravenous approach, and sample collection must be carried out over many days instead of hours. Indeed, D 2 O-labeling studies in both animal models and human subjects have demonstrated that long-term labeling is necessary to measure proteins with a half-life on the order of days (13, 14) . Here, we report the development of a SILK method using a stable isotope-labeled amino acid to measure the turnover of a long-lived protein in rodents and in human CSF.
We applied our SILK method first to superoxide dismutase 1 (SOD1), a homodimeric metalloenzyme that catalyzes the converTherapeutic strategies that target disease-associated transcripts are being developed for a variety of neurodegenerative syndromes. Protein levels change as a function of their half-life, a property that critically influences the timing and application of therapeutics. In addition, both protein kinetics and concentration may play important roles in neurodegeneration; therefore, it is essential to understand in vivo protein kinetics, including half-life. Here, we applied a stable isotope-labeling technique in combination with mass spectrometric detection and determined the in vivo kinetics of superoxide dismutase 1 (SOD1), mutation of which causes amyotrophic lateral sclerosis. Application of this method to human SOD1-expressing rats demonstrated that SOD1 is a long-lived protein, with a similar half-life in both the cerebral spinal fluid (CSF) and the CNS. Additionally, in these animals, the half-life of SOD1 was longest in the CNS when compared with other tissues. Evaluation of this method in human subjects demonstrated successful incorporation of the isotope label in the CSF and confirmed that SOD1 is a long-lived protein in the CSF of healthy individuals. Together, the results of this study provide important insight into SOD1 kinetics and support application of this technique to the design and implementation of clinical trials that target longlived CNS proteins.
in vivo. Following detergent fractionation to immunoprecipitate soluble SOD1 from tissues, we used our LC/tandem MS method to detect and analyze leucine-containing SOD1 peptides and quantify SOD1 fractional turnover rates (FTRs) and half-life in each tissue.
The shape of the plasma-free 13 C 6 -leucine curve followed a pseudo linear increase during the oral 13 C 6 -leucine pulse and first-order kinetic decay during the chase with unlabeled leucine ( Figure 2B ). This confirmed that our oral labeling approach achieved sufficient 13 C 6 -leucine incorporation into soluble SOD1 peptides, with minimal variance among animals. The SOD1-labeling curves reflect tracer derivation from a direct precursor/ product relationship between plasma leucine and each protein, as the SOD1-labeling curves intersect the plasma leucine enrichment at their peak enrichments ( Figure 2B ). These measurements also showed that 13 C 6 -leucine-labeled SOD1 in the CSF could be measured, that the half-life of CSF SOD1 was on the order of days, and that the kinetics of CSF SOD1 closely paralleled the kinetics of SOD1 in the CNS, specifically the spinal cord. However, the changing plasma-free 13 C 6 -leucine enrichment over the time course presented a level of complexity in the system that excluded a simple calculation of SOD1 half-life. Specifically, the linear rise and first-order decay of the curve as well as the persistence of substantial 13 C 6 -leucine long after the cessation of labeled diet reflected the slow kinetics of the oral administration method and the contribution of whole-body tracer recycling to long-term kinetic analysis, respectively. As such, we recognized the need to model the system in order to account for the dynamics of this tracer pool and its influence on the tissue-specific SOD1 pools to precisely quantify in vivo SOD1 kinetics.
Kinetic modeling defined slow SOD1 kinetics. A compartmental model was developed to account for the shape of the plasma 13 C 6 -leucine time course and long-term whole-body tracer recycling (Supplemental Figure 2A ). In this model, plasma leucine represents a central compartment in which tracer freely exchanges with all other measured compartments and whole-body protein or is irreversibly lost from the system. From this central compartment, forward arrows indicate the forward exchange of tracer into each tissue compartment (Supplemental Figure 2, A and B) . The reverse arrows indicate tracer return and represent the FTR, expressed as pools per day, for each compartment (Supplemental Figure 2 , A and B). Best-fit curves for free plasma 13 C 6 -leucine and spinal cord, cortex, CSF, liver, and kidney SOD1 are shown overlaid the raw data in Figure 2B . The shape of the plasma 13 C 6 -leucine curve during labeling represents the simulated pulsatile nature of oral 13 C 6 -leucine tracer administered twice a day for 7 days. The model calculated a half-life of 14.9 days for CSF SOD1, confirming that SOD1 is a relatively long-lived protein in this pool (Table 1) . Furthermore, it showed no significant difference between SOD1 turnover rate in the CSF and the spinal cord, suggesting that the CSF pool could serve as a suitable proxy for spinal cord SOD1.
SOD1 WT and G93A turnover. Although we were primarily concerned with using SILK to measure the turnover of SOD1 in the CSF and the CNS, our labeling method also allowed us to examine SOD1 turnover in several tissues within the same animal. As expected, the plasma-free 13 C 6 -leucine served as the tracer source for all measured SOD1 pools. Interestingly, SOD1 turnover was markedly slower in the CNS ( Figure 2B and Table 1 ). Specifically, the half-life of SOD1 sion of superoxide anion to hydrogen peroxide and molecular oxygen (15, 16) . Mutations in SOD1 cause dominantly inherited ALS via a toxic gain of function. Recent work by our group using antisense oligonucleotides (ASOs) against SOD1, a gene responsible for 20% of familial ALS cases, has shown great promise in animal models and has recently completed a phase I clinical trial (17) . Our work and that with other targeted therapies highlight the need to understand SOD1 kinetics in order to effectively design clinical trials (17) (18) (19) (20) (21) . Specifically, half-life determines the predicted nadir for SOD1 levels in the CSF of patients treated with protein production inhibitors. Since SOD1 CSF levels correlate with SOD1 levels in the CNS, measurement of SOD1 CSF protein in humans offers the ability to determine pharmacodynamics for future clinical trial design (22) . We first developed our SILK method in rats expressing human SOD1 protein, in which we successfully measured the half-life of SOD1 in tissues and in the CSF. Translating our findings in rats to human CSF demonstrated excellent labeling of SOD1, defined the half-life of SOD1 in humans, and further validated this method for using stable isotopes to measure turnover of long-lived proteins.
Results

Development of
13
C 6 -leucine-labeling approach and mass spectrometrybased method for quantifying labeled SOD1 in cell culture. The calculation of protein turnover by administering stable isotope-labeled amino acids or D 2 O over time has been demonstrated in numerous cell culture models and in human CSF and plasma proteins (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 23) . Stable isotope-labeled amino acids are biologically identical to their naturally occurring counterparts and, unlike radiolabeled amino acids, are innocuous to both the system being studied and the experimental environment. SILK uses the administration of a stable isotope-labeled amino acid that is incorporated during protein translation. The labeled and unlabeled proteins are immunoisolated, digested into peptides, and analyzed using liquid chromatography and tandem mass spectrometry (LC/tandem MS) to quantify incorporation of the tracer into specific peptides ( Figure 1 , A and B). Using 13 C 6 -leucine-labeled HEK293T cells, we identified 3 leucine-containing peptides that reliably and accurately determined incorporation of label ( Figure 1 , C-E, and Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI80705DS1). These data confirmed our ability to label, isolate, and measure tracer-incorporated SOD1 using LC/tandem MS.
Development of a SILK method to measure SOD1 turnover in vivo. Preliminary experiments revealed insufficient labeling in human CSF SOD1 during a 9-hour intravenous infusion of 13 C 6 -leucine (data not shown). Based on this observation, we concluded that CSF SOD1 half-life in vivo was likely on the order of days to weeks rather than hours. To develop the method, we labeled human SOD1-expressing rats by oral administration of 13 C 6 -leucine. We used rats expressing either WT human SOD1 or mutant human SOD1 G93A protein, a well-studied mutation that is known to cause ALS in humans and is characterized by a predictable disease onset in animal models (24, 25) . Approximately 100-day-old transgenic rats overexpressing human SOD1 WT or G93A were orally administered 13 C 6 -leucine for 7 days, followed by unlabeled leucine for an additional 56 days. Plasma, spinal cords, cortices, CSF, livers, and kidneys were collected at indicated time points ( Figure  2A ) in order to model plasma-free 13 C 6 -leucine and SOD1 kinetics
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G93A agrees with previous cell culture and in vivo studies and may reflect an unstable state (26) (27) (28) (29) (30) . In addition to assaying total soluble SOD1 G93A, we were able to immunoprecipitate the pool of misfolded SOD1 G93A from the spinal cord in our labeled animals using the misfolded-specific SOD1 antibody B8H10. Best-fit curves showed that the misfolded G93A pool had much faster turnover rate than total soluble SOD1 G93A in each tissue measured ( Figure 3C ). Misfolded SOD1 G93A had extremely rapid kinetics in the liver, faster than those of the total soluble SOD1 G93A pool and much faster than those of the misfolded protein pool in the spinal cord. Interestingly, misfolded SOD1 G93A in the liver peaked higher than the peripheral plasma-free 13 C 6 -leucine in the spinal cord (15.9 days) and cortex (9.3 days) was 2.8 to 9 times slower than the half-life in the liver (1.8 days) or kidneys (3.4 days).
To better understand disease models, we also applied our SILK method to SOD1 G93A rats (Supplemental Figure 2B and Figure 3A ). Similar to SOD1 WT rats, the shape of the plasmafree 13 C 6 -leucine curve confirmed that these animals received sufficient label ( Figure 3B ). When comparing the SOD1-labeling curves, the same relative differences among tissues with regards to SOD1 turnover rates were evident (Table 1) . When comparing between SOD1 WT and G93A in the same tissues, SOD1 G93A had a 1.1-to 1.8-fold faster turnover rate, with the exception of the rate in the kidneys. This accelerated turnover rate for SOD1 the slow SOD1 turnover rate observed in our rodent study. Importantly, these 4 human studies validated our 13 C 6 -leucine oral administration paradigm for quantifying long-lived protein kinetics.
Discussion
This approach marks the first time to our knowledge that a stable isotope of an amino acid was administered orally for the purposes of measuring the turnover of a long-lived protein in human CSF and expands the repertoire of oral tracers for studying long-lived proteins in vivo. Similar to oral administration of heavy water, our oral 13 C 6 -leucine administration paradigm resulted in detectable amounts of labeled amino acid in the plasma and CSF, suggesting that this approach is reliable and suitable for quantifying protein kinetics in tissues and CSF of animals and humans. The oral SILK approach presents significant advantages. First, oral administration of the tracer amino acid is technically easier than intravenous or intraperitoneal injections in humans or rodents and achieves predictable labeling in plasma and tissue protein pools. Second, it is much safer than using radioactively labeled amino acids. Third, the time scale over which the labeling and tissue collection occurs facilitates the study of other long-lived proteins. Fourth, the LC/ tandem MS is highly specific for detecting and quantifying label-incorporated SOD1 peptides after immunoprecipitation and digestion of soluble SOD1. Oral administration of 13 C 6 -leucine was well tolerated, with no adverse events reported by the participants (data not shown); achieved detectable levels in both rodents and humans; and displayed predictable kinetics. Isolation and LC/tandem MS detection of tracer-incorporated SOD1 peptides enabled a high degree of specificity as a result of both antibody specificity and predicted m/z ratios. Overall, this method provides a specific, quantitative, and safe approach for quantifying long-lived protein turnover in vivo, with extensive applications to many areas of biology.
The development of our SILK method allowed us to measure the rate of SOD1 turnover in the CSF of human subjects. After optimization of the method in humans, we found that SOD1 half-life in the CSF was approximately 25 ± 7 days, a number that reflects the long enrichment, which likely reflected first-pass absorption of the orally administered tracer coupled with a fast turnover rate. As expected, no misfolded SOD1 could be immunoprecipitated or detected by LC/ tandem MS in either spinal cords or livers from SOD1 WT animals (data not shown). These data indicate that misfolded mutant SOD1 is not unique to the spinal cord and that its turnover rate is accelerated relative to total soluble SOD1 and suggest that its low levels in the liver may be a function of its fast turnover rate.
Determination of SOD1 turnover in human CSF using SILK. Translating this SILK method to healthy, normal human research participants allowed us to determine CSF SOD1 turnover rates as a proxy for CNS SOD1 turnover rate. In these human studies, we optimized the timing of CSF and blood sampling over a long time period, because our SOD1 WT rodent studies revealed a slow CSF SOD1 turnover rate (approximately 15 days), and the major limitation of the human study was the frequency of CSF collections by lumbar puncture. Human participants consumed a controlled leucine-containing diet supplemented with 13 C 6 -leucine powder for 10 days. Plasma and CSF were collected at indicated time points after label administration and processed for plasma-free 13 C 6 -leucine, total CSF protein, and labeled SOD1 ( Figure 4A) . The data were then modeled as previously described, where plasma-free 13 C 6 -leucine fit to a central compartment and tracer freely exchanged with all other tissue compartments (Supplemental Figure 2C) .
In all subjects, plasma-free 13 C 6 -leucine enrichment achieved approximately 3% at the end of label administration. This indicated that our 10-day oral labeling strategy resulted in detectable and sufficient plasma 13 C 6 -leucine enrichment for quantifying in vivo CSF SOD1 kinetics in the context of a controlled leucine diet. This was confirmed after quantifying 13 C 6 -leucine abundance in CSF total protein (Table 2) . For each subject, the CSF SOD1-labeling curve displayed a slow rise and fall relative to total CSF protein labeling, indicating a much slower CSF SOD1 turnover rate of CSF SOD1 compared with that of CSF total protein. The average CSF SOD1 and CSF total protein half-life was 25.0 ± 7.4 days and 3.6 ± 1.0 days, respectively. Thus, the human CSF SOD1 turnover rate agreed with In SOD1 WT and G93A rats, the tissues most affected in ALS (i.e., spinal cord and cortex) possessed the slowest rate of turnover. Slow turnover may explain the general susceptibility of the CNS in many neurodegenerative proteinopathies. Indeed, global proteomics approaches using stable isotopes have shown that brain proteins possess a slow turnover rate, even if identical proteins or protein complexes are compared between tissues (4, 32). This relative difference between tissues agrees with our TCA-precipitated total protein data from cortex and liver and suggests, but does not prove, that slower protein turnover in the CNS tissue may result in misfolded SOD1 accumulation and pathology. Consistent with this, in primary culture, slow protein turnover correlates with susceptibility to toxicity (33, 34) . As mutant SOD1 selectively kills motor neurons, it will be important to determine the relative rates of SOD1 protein turnover in specific cell types within the CNS.
Our SILK labeling method could be applied to study the kinetics of a wide variety of long-lived proteins in both animal models and human CSF and plasma. We hypothesize that most intracellular proteins in the CNS have a half-life on the order of days to weeks, making them ideal for the long-term labeling method developed here. Our kinetic data from TCA-precipitated total protein from spinal cord and cortex support this claim, with a half-life of 7.9 and 3.9 days for SOD1 WT rats, respectively (Table 1) .
It should be noted that D 2 O labeling has also been successfully used for understanding kinetics of proteins in the CNS (13) . We used oral 13 C 6 -leucine in this study because of the known safety of oral leucine and the high enrichment of the label within a single M+6 isotopomer, which facilitates LC/tandem MS analysis.
With this study, we have demonstrated a successful SILK design that uses oral administration of a tracer amino acid for measuring long-lived proteins in rodents and human subjects. This half-life of SOD1 WT in the CSF of transgenic rats. We also found that the half-life of CSF total protein was 3.6 ± 1.0 days. Since the CSF total protein pool is weighted heavily by few abundant proteins, this is not a representative sample of CNS protein pools. However, our rat study did show that CSF and spinal cord SOD1 turnover were not significantly different, suggesting that CSF SOD1 could be used as a proxy for the spinal cord SOD1 pool. Determination of human SOD1 turnover in the CSF has important implications for understanding SOD1 biology in ALS and for biomarker development and monitoring therapy in patients treated with SOD1 ASOs (17, 22, 31) . By measuring the half-life of SOD1 in human CSF, one can predict the optimal time to measure SOD1 CSF concentrations in patients treated with SOD1 ASOs. The data also influence the timing and frequency of dosing as well as many other pharmacodynamic aspects of ASO therapy. Indeed, one theoretical application of this technique involves labeling during ASO treatment to monitor therapeutic effects of the drug on SOD1 clearance rates.
Although we have successfully measured SOD1 half-life in healthy subjects, an important future study will need to address mutant SOD1 half-life in patients with ALS. Our rat data and previous cell culture studies confirm that mutant SOD1 half-life is significantly shorter than WT half-life and that the degree of halflife reduction may be mutant dependent (26) (27) (28) (29) . The autosomal dominant nature of SOD1-ALS means that patients have one copy of both WT and mutant SOD1. A significant advantage in our LC/tandem MS SILK approach is the ability to independently measure both WT and mutant SOD1 species in the same patient, as single amino acid changes result in detectable changes in the m/z ratios of predicted peptides. Future studies in these patients have the potential to determine SOD1 turnover as a function of age or disease status (e.g., presymptomatic versus symptomatic) and to determine what degree the SOD1 WT half-life is or is not influenced by the presence of mutant SOD1. Figure 2 . Kinetic data and model from SOD1 WT rats. (A) Schematic of the oral labeling paradigm. SOD1 WT rats were fed 13 C 6 -leucine for 7 days and then chased with unlabeled leucine for an additional 56 days. Tissues were collected at the indicated time points, and detergent soluble SOD1 was immunoprecipitated, digested, and analyzed by LC/tandem MS. (B) Mole fraction labeled plasma-free 13 C 6 -leucine and liver, kidney, cortex, CSF, and spinal cord SOD1 WT were plotted over time (individual points). Solid lines represent best-fit model curves. The shape of the plasma leucine curve during the 13 C 6 -leucine-labeling period reflects the pulsatile administration of the tracer twice daily. The slower kinetics of SOD1 WT in spinal cord, cortex, and CSF are reflected in the gradual rise and fall of the curves compared with the steep slopes seen in liver and kidney. Light red shading between 0 and 7 days represents the 13 C 6 -leucine-labeling period. n = 3 for all time points with the exception of days 3 and 7 (n = 6). technique enabled us to show that SOD1 is a long-lived protein in human CSF and that the half-life of SOD1 in the CSF correlates with that in the CNS in rats. The method described here has wideranging applications that could be applied to measure protein turnover in a number of neurodegenerative diseases in both animals and human CSF (or plasma) as well as monitor the pharmacodynamics of treatments designed to modulate protein levels, such as ASOs, small molecules, or siRNA.
Methods
Stable isotope labeling in rats.
13 C 6 -leucine-labeling experiments were performed in 100-day-old male and female transgenic rats overexpressing human SOD1 WT (provided by Pak Chan, Stanford University, Stanford, California, USA) or SOD1 G93A (Taconic model 2148) (35, 36) . Both labeled l-leucine (U-13 C 6 , 97%-99%, CLM-2262) and unlabeled l-leucine (ULM-8203) were obtained from Cambridge Isotope Laboratories Inc. and dissolved in water (5 mg/ml). To increase palatability, leucine solutions were sweetened with sucrose (20 mg/ml). During the course of the experiment, rats were fed ad libitum a modified Baker Amino Acid Fiet chow (TestDiet) that contained no leucine. 50 mg leucine (10 ml total volume) was orally administered twice daily (100 mg total daily dose) in accordance with published daily leucine requirements (37) . Before administration of the 13 C 6 -leucine label, rats were acclimated to the unlabeled leucine diet for 1 to 2 weeks. Rats were then labeled with 13 C 6 -leucine for 7 days and chased with unlabeled leucine for an additional 7, 19, 25, or 56 days. At the indicated time points, rats were anesthetized with isoflurane, and approximately 200 μl CSF was extracted from the cisterna magna, flash frozen, and stored at -80°C. Rats were then perfused (15 ml/min) with cold PBS containing 0.03% heparin sulfate for 15 minutes. Blood was collected from the mechanically ruptured vena cavae at the start of perfusion and spun at 1,800 g for 10 minutes, and the supernatant was flash frozen and stored at -80°C. After perfusion, spinal cords, cortices, livers, and kidneys were harvested, flash frozen in liquid nitrogen, and stored at -80°C. Three rats were sacrificed at each collection time point, with the following exceptions: SOD1 WT rats sacrificed at days 3 and 7 (n = 6) and SOD1 G93A rats sacrificed at day 14 (n = 2).
Fractionation of tissue lysates. Tissues were thawed on ice and homogenized in 5× v/w of TEN buffer (10 mM Tris, pH 8, 1 mM EDTA, 100 mM NaCl) containing the protease inhibitors AEBSF, aprotinin, bestatin E-64, leupeptin, and pepstain A (Sigma-Aldrich P8340). A portion of the tissue lysate was centrifuged at 100,000 g for 10 minutes (Beckman Coulter Optima TLX-120 Ultracentrifuge), and the supernatant was saved for misfolded SOD1 immunoprecipitation. Detergent soluble SOD1 was extracted as described previously (38) . Briefly, the homogenate was mixed with an equal volume of 2× extraction buffer (10 mM Tris, pH 8, 1 mM EDTA, 100 mM NaCl, 1% NP-40, protease inhibitors), sonicated, and centrifuged at Figure 3 . Kinetic data and model from SOD1 G93A rats. (A) Schematic of the oral labeling paradigm. SOD1 G93A rats were fed 13 C 6 -leucine for 7 days and then chased with unlabeled leucine for an additional 56 days. Tissues were collected at the indicated time points, and detergent soluble SOD1 was immunoprecipitated, digested, and analyzed by LC/tandem MS. (B) Mole fraction labeled plasma-free 13 C 6 -leucine and liver, kidney, cortex, CSF, and spinal cord SOD1 G93A were plotted over time (individual points) and modeled as previously described (solid lines). The slower kinetics of SOD1 G93A in spinal cord, cortex, and CSF are reflected in the gradual rise and fall of the curves compared with the steep slopes seen in liver and kidney. (C) Misfolded SOD1 G93A was immunoprecipitated from previously labeled SOD1 G93A rat tissue with the α-misfolded SOD1 B8H10 antibody, digested, analyzed by LC/tandem MS, and modeled as previously described (solid lines represent total soluble SOD1; dashed lines represent misfolded SOD1). Labeled misfolded pools in both spinal cord and liver reveal accelerated turnover rates when compared with total soluble SOD1 within each tissue. For both graphs, light red shading between 0 and 7 days represents the 13 C 6 -leucine pulse interval. n = 3 for all time points with the exception of day 14 (n = 2). jci.org Volume 125
Number 7 July 2015 100,000 g for 10 minutes at 4°C. The supernatant, representing the detergent soluble fraction, was transferred to a new tube, and protein concentration was determined by BCA assay (Pierce). Preparation of 13 C 6 -leucine-labeled SOD1 standard curve. Labeled (containing 13 C 6 -leucine) and unlabeled media were prepared from RPMI-1640 medium without arginine, leucine, lysine, and phenol red (Sigma-Aldrich R-1780) supplemented with 10% dialyzed fetal bovine serum (Sigma-Aldrich F0392), 200 mg/l l-arginine, 40 mg/l lysine, and 50 mg/l of either 13 C 6 -leucine (labeled) or unlabeled leucine. HEK293T cells, which constitutively express human SOD1, were used to prepare 13 C 6 -leucine-labeled SOD1 standards. Cells were grown to near confluence in complete RPMI-1640 medium supplemented with 10% fetal bovine serum, then split into 10-cm dishes at a low concentration and allowed to settle overnight. Cells were then washed once with PBS and grown to near confluence (approximately 72 hours) in 0%, 0.08%, 0.17%, 0.34%, 0.68%, 1.25%, 2.5%, 5%, 10%, or 20% labeled/unlabeled media. Cells were then washed once with PBS and homogenized in cold lysis buffer (50 mM Tris, pH 8, 150 mM NaCl, 1% NP-40, protease inhibitors) with sonication (20% power for 20 seconds). The lysate was spun at 15,000 g for 5 minutes, the supernatant was collected, and protein was quantified using the BCA Protein Assay (Pierce). Aliquots of lysate were frozen at -80°C.
Isolation and mass spectrometric analysis of cell lysate (approximately 100 μg of protein) using 50 μl anti-SOD1 crosslinked Dynabeads overnight in 1X TEN buffer containing 0.1% Tween and protease inhibitors. Misfolded SOD1 was immunoprecipitated from tissue lysates taken prior to detergent fractionation, which had been spun at 100,000 g. The beads were washed 3 times in PBS, and SOD1 was eluted from the beads with 50 μl of formic acid. The formic acid eluent was transferred to a new polypropylene tube and lyophilized via speed vacuum (Labconco CentriVap), resuspended with 100% methanol, lyophilized again via speed vacuum, and resuspended in 25 μl of 25 mM NaHCO 3 buffer (pH 8.8). 600 ng of sequencing-grade endoproteinase Glu-C (Roche) was added to each sample and digestion was allowed to proceed at 25°C for 17 hours. Samples were again lyophilized via vacuum and resuspended in 20 μl 5% acetonitrile/0.05% formic acid prior to liquid chromatography-triple quadrupole mass spectrometry (UPLC/ tandem MS) analysis (Xevo, Waters). The 13 C 6 -leucine/ 12 C 6 -leucine ratio in SOD1 peptides was quantified by comparing the area under the curve for the SOD1 peptides KADDLGKGGNEE, GLHGFHVHE, and SNGPVKVWGSIKGLTE in the presence or absence of 13 C 6 -leucine. The full list of transition ions used to acquire the UPLC/tandem MS data is provided in Supplemental Table 1 . Excellent correlations among these peptides enabled us to use the peptide with the most robust signal for kinetic analysis (Supplemental Figure 3) .
Plasma-free 13 C 6 -leucine abundance reflected the precursor pool enrichment for SOD1 protein synthesis. Plasma proteins were above and used to reflect the precursor pool enrichment for SOD1 protein synthesis.
13
C 6 -leucine abundance in human plasma (50 μl) and CSF (1 ml) protein precipitates (10% TCA) was quantified as described above.
Compartmental modeling of rodent and human kinetic data. Modeling was conducted using SAAM II (Resource for Kinetic Analysis, University of Washington, Seattle, Washington, USA). For the animal studies, the kinetic data for plasma-free 13 C 6 -leucine, tissue-specific SOD1 species, and total protein from liver, cortex, and spinal cord were incorporated into a compartmental model. The KADDLGKGGNEE peptide was used for modeling, as it had the most robust LC/tandem MS signal. The model consisted of a central plasma leucine compartment that initially received the orally administered tracer and which exchanged tracerlabeled leucine with all proteins throughout the body (Supplemental Figure 2, A and B) . Arrows connecting the compartments of the model represent first-order rate constants (units: pools per day) that describe the flux of leucine between compartments (Supplemental Figure 2, A and B) . The model describes the complete time course of tracer incorporation and clearance into each measured compartment; the FTR (pools per day) for each compartment is the rate constant for the return of leucine from each compartment back to plasma. Note that isotopic enrichment time course data were available for plasma leucine and for all protein/tissue compartments highlighted in Supplemental Figure 2 , A and B. A "wholebody protein" compartment was used to account for most of the shape information of plasma leucine, as label exchanged with all other unsampled proteins. The SAAM program devised first-order linear differential equations, as dictated by the structure of the model, and optimized the fit of the model-projected solution to the data for all sampled protein/ tissue compartments simultaneously by adjusting the model rate constants through an iterative process. The model was set up in SAAM in a manner to simulate the appearance of label into plasma as a result of the twice-daily tracer-dosing scheme for the 7 days of oral tracer labeling. A similar model was used for the human studies to account for plasma-free 13 C 6 -leucine, CSF total protein, and CSF SOD1 species for each subject following 10 days of thrice-daily oral tracer administration (Supplemental Figure 2C ). The GLHGFHVHE peptide gave the most robust LC/tandem MS signal for the human in vivo tracer kinetics and was therefore used for modeling. Like the animal model, the central compartment consisted of plasma leucine from which tracer was exchanged with all other compartments. Half-life was calculated as ln 2/FTR.
Statistics. Descriptive statistics for variables in each kinetic model described in this manuscript (FTR, 95% CIs) were calculated using the SAAM II modeling software.
Study approval. Animal protocols were approved by the Institutional Animal Care and Use Committee at Washington University and conducted according to the NIH Guide for the Care and Use of Laboraprecipitated with 10% trichloroacetic acid overnight at 4°C, the protein pellet was retained for quantification of bound 13 C 6 -leucine, and the supernatant was removed after centrifugation at 21,000 g for 10 minutes. The supernatant was chemically derivatized to form the N-heptafluorobutyryl n-propyl esters of plasma-free amino acids, and 13 C 6 -leucine enrichment was quantified using capillary gas chromatography-negative chemical ionization-quadrupole mass spectrometry (GC-MS; Agilent 6890N Gas Chromatograph and Agilent 5973N Mass Selective Detector) with the m/z of 355 as compared with 349 as described previously (11, 39) . Protein-bound 13 C 6 -leucine abundance was quantified in the TCA-precipitated proteins after sonicating the pellet in a cold 10% TCA solution twice. The pellets were hydrolyzed in 6 N HCl for 24 hours at 110°C. The hydrolysates were subjected to cation-exchange chromatography (50W-X8 resin, Sigma-Aldrich) to trap the protein-bound amino acids that were eluted from the column with 6 N NH 4 OH. The samples were then dried under vacuum and processed for GC-MS analysis as described previously (40) . Labeled/ unlabeled ratios from both the UPLC/tandem MS and GC-MS were obtained as tracer/tracee ratios (TTR) and converted to mole fraction label (MFL) to account for the bias that occurs at high stable tracer enrichments using the following equation: MFL = TTR/1 + TTR. Human subjects. Demographics of the 5 participants are described in Supplemental Table 2 . All participants underwent an initial screening visit that consisted of a physical and neurological examination and phlebotomy for a complete blood count, complete metabolic panel, prothrombin time, and partial thromboplastin time. Exclusion criteria included evidence of neurologic disorder by history or examination, inability to safely take food and drink by mouth, lab values greater than 2 times the upper limit of normal, special diets (e.g., gluten free), pregnancy, allergy to lidocaine, history of bleeding disorders, or contraindications for lumbar puncture. Eligible participants consumed a prepackaged reduced leucine diet supplemented with 13 C 6 -leucine powder for 10 days. The controlled leucine diet (approximately 2,000 mg leucine per day) was prepared by dieticians in the Washington University Research Kitchen, handed to the subjects, and consumed at home. Food intake was monitored by a self-reported food journal. Participants consumed 13 C 6 -leucine (Cambridge Isotope Laboratories CLM-2262) after dissolving 330 mg 13 C 6 -leucine and Kool-Aid-flavored powder in 120 ml tap water 3 times per day (total daily dose = 990 mg). During the 13 C 6 -leucine-labeling period, overnight fasting blood was collected on days 1 and 10 of the research meal plan. On day 11, participants resumed consumption of their habitual diets. CSF (via lumbar puncture) and venous blood samples were collected approximately 14, 28, 42, and 67-84 days after 13 C 6 -leucine-labeling was initiated (actual time points differed slightly among subjects). Approximately 20 to 25 ml of CSF was drawn with each lumbar puncture.
Blood was centrifuged at 1,800 g for 10 minutes, and the serum was aliquoted into low-binding 1.5-ml tubes (Ambion AM12450), frozen on dry ice, and stored at -80°C. CSF (20-25 ml) was centrifuged at 1,000 g for 10 minutes at 4°C, and 1 ml was aliquoted into several low-binding 1.5-ml tubes, frozen on dry ice, and stored at -80°C. Immunoprecipitation of SOD1 from 1 ml CSF was carried out by adding 50 μl anti-SOD1 crosslinked M-270 Dynabeads, protease inhibitors, and Tween (final concentration 0.1%) and rotating the tubes overnight at 4°C. SOD1 was eluted from the beads (99% 50 μl formic acid), digested (endoproteinase Glu-C), and prepared for LC/tandem MS analysis as described above for rodent CSF. Plasma-free 13 C 6 -leucine enrichment was quantified as described
